Novel sliding mode control for MEMS-based resonators  by Sarraf, Elie H. et al.
Procedia Engineering 25 (2011) 1305 – 1308
1877-7058 © 2011 Published by Elsevier Ltd.
doi:10.1016/j.proeng.2011.12.322
Available online at www.sciencedirect.com
Proc. Eurosensors XXV, September 4-7, 2011, Athens, Greece 
Novel sliding mode control for MEMS-based resonators  
Elie H. Sarraf, Mrigank Sharma, Edmond Cretu 
University of British Columbia, 2332 Main Mall, Vancouver V6T 1Z4, Canada  
 
 
Abstract 
This paper describes the application of a novel band-pass sliding mode control (SMC) to MEMS-based resonators 
and resonant sensors (e.g. vibrating gyroscopes). The proposed technique relies on a binary electrostatic actuation of 
the movable mass, dependent on the dynamics of the sliding surface, in such a way that the generated oscillations 
track changes in the mechanical resonant frequency.  The architecture has a low hardware complexity and is suitable 
for VLSI implementation, in addition to a robust tracking behavior for large variations in the parameters of the 
resonator (e.g. temperature-induced changes in the stiffness coefficient). The results suggests that the novel SMC-
based oscillator offers an advantageous alternative to more costly phased-locked loop (PLL) architectures 
traditionally used for the driving of MEMS resonator structures.  
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1. Introduction 
MEMS-based resonators and inertial resonant sensors are ubiquitous components in many 
applications, across many fields: automotive, medical, aerospace, human-machine interface, etc.. While 
their specifications (resolution, sensitivity, noise floor, dynamic range, etc.) depend on the targeted 
application, a common need is for their electronic control to be able to cope with the inherent changes in 
the mechanical parameters (such as stiffness and damping coefficients), due for instance to variations in 
the operating environment (e.g. temperature). The functional mechanical resonant mode is excited and 
sensed by the interface electronic circuitry, and in many cases it is required to properly track in the 
electrical domain the variations in the mechanical resonant frequency, for an optimal operation.  
We can take for instance the case of a MEMS vibratory gyroscope [1], where the energy is pumped 
into the driven mode and coupled into the sensing mode by the non-inertial Coriolis force. A small 
mismatch of 100Hz (less than 2%) between the frequency of the actuation forces and the driven mode 
resonance frequency led to a 50% drop in overall sensitivity to the external angular rate. The typical 
architecture for the driven mode actuation traditionally involves a closed loop control that adaptively 
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tracks the mechanical resonant frequency, for instance with a phase-locked loop or bandpass sigma-delta 
circuit [2]. We present in this work a novel alternative closed loop control based on binary sliding mode 
control (SMC), applicable to the excitation of the resonance modes in MEMS devices. SMC offers a 
promising theoretical framework for the efficient control of nonlinear systems, due to its robustness 
against disturbances, low complexity and digital implementation [3, 4]. Within the MEMS world, the 
technique has been successfully applied to the steady-state error reduction in micro-mirrors position 
control [5], and to a non-linear optical switch [3]. Moreover, SMC has been theoretically investigated for 
MEMS-based gyroscopes [6] – a modified SMC was proposed to estimate the angular velocity, the linear 
damping and the stiffness coefficient of a MEMS-based gyroscope, using a proportional and integral 
sliding surface instead of a conventional sliding surface. 
SMC-based designs have been traditionally used for cancelling the disturbance-induced dynamics in 
systems. The present work proposes the use of a novel band-pass SMC for an oscillator architecture 
using MEMS resonant structures, and applies these concepts for digitally actuating the driven mode of a 
MEMS gyroscope, in order to set it in harmonic motion at its (time-varying) resonance frequency. 
Fig. 1(a) presents a microscope image of the fabricated device, while Fig. 1(b) illustrates the system level 
architecture, with a mostly-digital control implemented in FPGA. To the best of our knowledge, no 
previous work has reported SMC for driving resonators in controlled oscillator configurations.  
 
    
      (a)             (b) 
Fig. 1. (a) SEM shot of the micro-gyroscope; (b) System level block diagram of the proposed implementation 
2. Proposed Methodology 
In order to move from the traditional sliding mode control for disturbance rejection to a bandpass 
SMC, a reference oscillator is implemented in FPGA, with an oscillating frequency tuned by the sensed 
dynamics of the MEMS device. The digital reference model provides a reference output displacement 
xreference that is used by the sliding mode controller for the binary electrostatic actuation. The driven mode 
dynamics of the vibratory gyroscope (or, in a more general context, that of a MEMS resonator) is 
modelled as a second order system; we have therefore considered a similar second order linear system for 
the reference model.The resulting equation of dynamics is given by: 
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In (1) x represents the position, m the equivalent mass, kd the equivalent spring constant, and γd the 
damping coefficient. The reference model and a sine wave generator excitation are implemented as digital 
blocks in FPGA, as subsystems of the digital SMC module (Fig. 1(b)). The physical parameters of the 
reference model(e.g. fR=7994Hz), are based on the experimental characterization of the fabricated 
resonators [7] using optical video-stroboscopy (Polytec© MSA-500 equipment). The resonant frequency 
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of the reference model is 2R R Rf k mω π= =  , where Rk is adaptively adjusted based on the measured 
dynamics of the driven mode (that reflects the variation of the stiffness coefficient dk of the gyroscope). 
The capacitive actuation is done by infinite switching (Fig. 2(b)) between two force 
values{ }, 6.95app appF F Nμ+ − = ± of equal amplitude but opposite signs. The opposite signs correspond to 
forces acting in opposite directions (on the right and left comb drive capacitors, respectively). The sliding 
mode controllers decides which force to apply depending on whether the measured dynamical state in the 
phase space is on one side of the sliding (switching) surface or on the other. To find the proper sliding 
surface, we have designed a sliding mode controller so that x  (the measured displacement of the proof 
mass) follows closely the Rx  (the desired, reference trajectory), which is the output of the reference 
model.  The error between the two dynamics is used not only for the binary actuation decision, but also, 
on a slower time scale, for the tuning of the reference model. For this, the state space representation of 
dynamics can be rewritten as: 
1 2:   x x= , 2
1 d d
app R
k
x F x x x
m m m
γ
= − − −                                              (2) 
 An area-varying comb drive is used in the present design for the actuation of the proof mass (Fig. 1(a))). 
We consider a first-order sliding mode function ( ),S e e of the state errors, defined as: 
2 1 2 1 2
1( , ) , with 0 ( , ) d dapp R
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To ensure that the state of the system 1 2{ , }x x approaches the sliding surface, ( , ) 0S e e ≡  should be 
satisfied.  
 
2. Simulation Results and Conclusions 
 
We demonstrate in this section the effectiveness of the proposed methodology for setting a constant 
oscillation at resonance in the driving mode of the micro-gyroscope. We have also analysed the tracking 
and tuning of the actuation when the mechanical resonance shifts, for instance when the equivalent spring 
constant suffers a ramp or step variation. To facilitate the test, a macromodel of the fabricated gyroscope 
was firstly obtained from the experimental measurements performed using Polytec MSA-500 equipment. 
The macromodel was implemented in Simulink, while the sliding mode controller was implemented in 
FPGA. Fig. 2(a) illustrates the comparison between the open loop driven MEMS resonator (at a constant 
frequency and amplitude harmonic actuation) and the SMC driving alternative for the case of a time-
varying mechanical spring constant k(t), starting from a given constant value. It shows the response of 
both open and closed-loop systems as the spring constant varies from a constant value, to a step change in 
k  and ultimately a linearly varying k . The open-loop oscillation amplitude changes significantly with 
variations in k, while the SMC approach makes the oscillation amplitude insensitive to such changes.  The 
stiffness coefficient Rk of the reference model is set to the average given by the switching scheme 
between two possible values, 0 0 and L Hk k k k k k= −Δ = + Δ respectively. kΔ is chosen based on the 
maximum estimated stiffness variation in operating conditions. The same switching law controls both the 
electrostatic force applied to the mechanical resonator and Rk , making this control scheme simpler than 
[4] and very robust to variations of the stiffness coefficient. The time-varying stiffness coefficient of the 
real resonator is estimated from the sliding mode dynamics, and Rk of the reference model adaptively 
tracks the new value, such that the resonant system is always driven at resonance.  Fig. 2(b) shows the 
variation in switching dynamics of the electrostatic forces for different schemes variation of k. When the 
stiffness coefficient varies, the switching dynamics of the electrostatic forces change accordingly, which 
can be seen in the variation of switching period in Fig. 2(b).  In conclusion, SMC provides with a fast, 
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simple and robust digital control solution, which is very attractive to hardware implementations and in 
particular, FPGA-based hybrid microsystems. The positive simulation results based on the gyroscope 
macromodel pave the way for a complete hardware microsystem implementation, including the analog 
capacitive readout subsystem.  
 
 
(a) 
 
(b) 
Fig. 2. (a) Output displacement of open loop system  vs closed loop for a fixed and varying stiffness coefficient; (b) SMC Switching 
dynamics of the electrostatic forces between  { },F Fapp app+ − for a fixed k (yellow), step change k (magenta) and linearly varying 
k (blue). The variations of k start occurring at 0.02sec  
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